The industrial ethanolic fermentation process is operated in distilleries, either in fed-batch or continuous mode. A consequence of the large industrial ethanol production is bacterial contamination in the fermentation tanks, which is responsible for significant economic losses. To investigate this community, we accessed the profile of bacterial contaminant from two distilleries in Brazil, each operating a different fermentation mode, throughout sugarcane harvest of 2013-2014. Bacterial communities were accessed through Illumina culture-independent 16S rDNA gene sequencing, and qPCR was used to quantify total bacteria abundance. Both ethanol production modes showed similar bacterial abundance, around 10 5 gene copies/mL. 16S rDNA sequencing showed that 92%-99% of the sequences affiliated to Lactobacillus genus.
INTRODUCTION
Ethanol is the most used biofuel for transportation, and Brazil is the second largest producer in the world, United States being the main producer. In 2016, Brazil produced 7295 million of gallons (RFA 2017 ) that were mainly consumed in the internal market. Sugarcane is the feedstock used in the fermentation process in distilleries in Brazil, and it contains considerable amounts of readily fermentable sugars, facilitating the operational processes and decreasing the costs (Amorim, Basso and Lopes 2009; Crago et al. 2010) . In first-generation ethanol production, these sugars-sucrose, fructose and glucose-are extracted from sugarcane and used as substrate to fermentation (de Souza Dias et al. 2015) .
The current fermentation process to ethanol production was developed in the 1930s by Firmino Boinot, which is known as Melle-Boinot process and consists in fed-batch process with high yeast cell density (10%-15% w/v) that are responsible for a very short fermentation time of 6-10 h. After the fermentation process, yeast cells are treated with dilute sulfuric acid and then recycled into another batch. In Brazil, this process uses sugarcane juice and/or water-diluted molasses as substrate to produce sugarcane must and ferment (Godoy et al. 2008; Basso et al. 2011) . With the improvements made in the last 30 years, this process achieves fermentation yields of 92%-93% (Amorim et al. 2011) .
In 1970s appeared the first continuous versions of the process developed by Boinot. In Brazil, around 85% of distilleries adopt fed-batch fermentation process, while 15% adopt continuous fermentation system (Godoy et al. 2008) . Initially, several operational problems were detected in continuous system, as elevated level of contamination, low productivity, low yield and solid flow. Nowadays, continuous process has been optimized to achieve high productivity, high process flexibility and stability, which can make it less expensive than batch processes (Zanin et al. 2000; Brethauer and Wyman 2010) .
Due to high organic and inorganic compounds, the sugarcane fermentation tanks are susceptible to the growth of contaminant microorganisms. The impact of contaminant microorganisms in the fermentation process is related to sugar consumption and organic acids production, which affect the efficiency of yeast fermentation (Solomon 2009 ).
Lactic acid bacteria are contaminants commonly found in fermentation tanks, but other genera are also present, although in lower abundance. Not all microorganisms are able to grow in this environment, the fermentation process can be stressful to them due to factors such as low pH, high ethanol concentration, elevated temperature, high osmotic pressure and others (Basso et al. 2011) . Several works have focused on accessing the bacterial diversity in this particular microbiota, but based on cultured techniques (Gallo 1990; Skinner and Leathers 2004; Lucena et al. 2010; Rich et al. 2015) .
Nonetheless, accessing the bacterial community only through cultivated microorganism usually misrepresents the community present in an environment (Rappé and Giovannoni 2003) . Illumina MiSeq 16S rDNA sequencing is a robust, low cost and easy to process methodology that can be used in different works to describe diversity from different bacterial community (Bartram et al. 2011) . Also, the sequences generated can be analyzed using the Phylogenetic Investigation Communities by Reconstruction of Unobserved States (PICRUSt) that can predict gene functions comparing these sequences with a reference genomes database (Langille et al. 2013) .
This work focused on the cultured-independent assessment and characterization of contaminating bacterial community from sugarcane ethanol fermentation process. To this purpose, we sampled from the two fermentation processes adopted in Brazil, fed-batch and continuous fermentation process, in the state of São Paulo during the harvest season of 2012-2013. To our knowledge, this is the first time that high throughput sequencing technique was used to study bacterial contaminant community from sugarcane fermentation tank. tillery (CPD) operates with four fermentation tanks connected in parallel, using sugarcane molasses, while the fed-batch distillery (FBD) uses sugarcane juice in four independent tanks. Both distilleries use sulfuric aqueous solution and antibiotics to reduce bacterial contamination. Three samplings were made between the months of August and December in each fermentation tank, at each tank designed sampling point, in each distillery. In the CPD, four tanks in parallel were collected and they were sequentially enumerated, whereas in the FBD, four independent tanks were collected (Table 1 and Fig. 1 ). All samples were stored at -80
MATERIALS AND METHODS

Samples collection
• C for further analysis.
DNA extraction
We used 1 mL of the fermentation samples to extract total DNA by Power Soil DNA Isolation kit (MO BIO, EUA) according to manufacturer's instructions.
Bacterial abundance
In the qPCR assay, the primer set P1 (5 -CCTACGGGAGGCAGCAG-3 ) and P2 (5 -ATTACCGCGGCTGCTGG-3 ) (Muyzer, De Waal and Uitterlinden 1993) • C for 30s increasing set point temperature after cycle 2 by 0.5
• C for melt curve data collection and analysis. Standard curves were constructed using the PCR product of the 16S rDNA gene. Amplification of 16S rDNA was carried out using the primer set R1387 (5 -CGGTGTGTACAAGGCCCGGGAACG-3 ) e PO27F (5 -GAGAGTTTGATCCTGGCTCAG-3 ) according to Heuer et al. (1997) . The 16S rDNA amplified fragments were purified with polyethylene glycol methodology (Lis 1980 ) and the concentration measured at 260 nm with NanoCell (Thermo Scientific). Serial dilutions were performed and 10 2 , 10 3 , 10 4 , 10 5 , 10 6 , 10 7 and 10 8 gene copies were used for calibration. Standard curve and all samples were run in triplicates. The average and the standard error of the threshold cycle obtained in the technical replicates were calculated and used as threshold cycle values to quantify total bacteria in each serial dilution and samples.
Bacterial 16S rDNA sequencing
The V4 region 16S rDNA was amplified using four primers forward: 16SV4FPCR 5 -TCGTCGGCAGCGTCAGATGTGTATAAGAG ACAGAY TGGGYDTAAAGNG-3 ; 5 -TCGTCGGCAGCGTCAGATGT GTATAAGAGACAG NAYTGGGYDTAAAGNG-3 ; 5 -TCGTCGGC AGCGTCAGATGTGTATAAGAGA CAGNNAYTGGGYDTAAAGNG-3 ; 5 -TCGTCGGCAGCGTCAGATGTGTATAA GAGACAGNNNAYTG GGYDTAAAGNG-3 and four primers reverse: 16SV4RPCR 5 -GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCGTCA ATTC MTTTRAT-3 ; 5 -GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC AGT CMTTTRAGT-3 ; 5 -GTCTCGTGGGCTCGGAGATGTGTATAAGA GACAGNNN CCGTCAATTCMTTTRAGT-3 based on Ribosomal Database Project (Cole et al. 2014) . Amplifications were conducted in Thermal cycler GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). Amplified 16S rDNA was sequenced in an Illumina Miseq according to manufacturer's instructions at the Functional Genomics Facility at the College of Agriculture Luiz de QueirozUniversity of São Paulo, SP, Brazil.
Sequence analysis
Initially, paired-end Illumina Miseq sequences were joined with FLASh using default parameters: minimum overlap of 10 bp, maximum overlap of 65 bp, maximum mismatch density of 0.25 and combiner threads of 4 (Magoč and Salzberg 2011) . Sequence analyses were made using QIIME (Caporaso et al. 2010) . Fastq sequences were demultiplexed and filtered considering phred quality threshold of Q20. Operational taxonomic units (OTU) were generated with open reference OTU-picking script, considering USEARCH v 6.1 (Edgar 2010) method, using Greengenes database of May 2013, enabling reverse strand match and suppressing step four. Taxonomical analysis used Ribosomal Database Project Classifier training set No. 16 (Cole et al. 2014) as reference and UCLUST method (Edgar 2010 ) considering a minimum consensus fraction of 0.7. Alpha-and beta-diversity were estimated using subsampled OTU table that generated diversity and richness indexes-Shannon and Chao1, respectively. For beta-diversity was considered weighted-Unifrac distance to obtain three-dimensional principal coordinates analysis. OTU with statistically significant differences between sample groups was generated after filtering from OTU table OTUs with low abundance (>0.005%) (Bokulich et al. 2013 ).
Metagenome prediction
Prediction of genes families abundances was made with PICRUSt (Langille et al. 2013) . OTUs were picked with closed reference from May 2013 Greengenes. The accuracy of metagenome prediction as measured with Nearest Sequence Taxon Index. STAMP v. 2.1.3 was used to generate principal coordinates analysis bidimensional distance matrix and gene classes comparisons (Parks et al. 2014) .
RESULTS
Abundance of bacterial communities in sugarcane fermentation distilleries
The qPCR applied to determine the bacterial abundance in fermentation tanks from CPD and FBD revealed similar values between the distilleries. Bacterial abundance ranged from 10 5 to 10 6 gene copies/mL in CPD ( Fig. 2A) and from 10 4 to 10 6 gene copies/mL in FBD (Fig. 2B ), but mainly stayed around 10 5 gene copies/mL in both distilleries.
Culture-independent assessment of bacterial diversity
Paired-end sequences, after joined, resulted in median sequence read length of 367 bp. After filtration based on quality, it was obtained sequences that were clustered into 644 OTUs. Samples were subsampled to 54 844 sequences to prevent the bias that may be generated from different samples sizes. Interestingly, in all samples from CPD and FBD more than 98% of sequences affiliated to Firmicutes phylum. However, it was also possible to find sequences belonging to Actinobacteria, Aquificae, Bacteroidetes, Cyanobacteria/ Chloroplast, Deinococcus-Thermus and Proteobacteria (Fig. 3) . It was reported more than 35 genera of which 92% up to 99% of sequences affiliated to the genus Lactobacillus in the samples (Fig. 4) .
Alpha-diversity indicated that CPD presented higher value of richness (Chao1) when compared with FBD (Fig. 5A) , but both presented similar values of diversity (Shannon) (Fig. 5B) . Within distilleries, alpha-diversity varied among fermentation tanks in CPD and FBD along the time. Interestingly, in FBD, each fermentation tank seemed to have a particular richness and diversity, varying between 340.49 until 435.41 in Chao1 and 2.80 until 6.45 in Shannon index. In CPD, samples from the same sampling time exhibit a pattern in alpha-diversity through the fermentation tanks, where richness and diversity indexes increased from the first fermentation tank, reaching higher values in the second and third tanks, falling in the fourth fermentation tank ( Table 2) .
Despite of the high similarity found in taxonomic-based analysis, weight-based UniFrac beta-diversity analysis separated the samples from CPD and FBD, suggesting that there are differences in bacterial communities between distilleries (Fig. 6A) . Most of the differentially represented OTUs belong to the genera Lactobacillus (Fig. 6B) . Other genera that helped to explain this difference were Weissella and Pediococcus that were more abundant in FBD, while Acetobacter and Anaeosporobacter were more abundant in CPD. 
Predicted metagenome
PICRUSt was used as a predictive exploratory tool, and samples were analyzed at level 2 of KEGG Orthology groups. Nearest Sequence Taxon Index values from FBD were 0.03 ± 0.002 and from CPD were 0.03 ± 0.006, which are considered very low Nearest Sequence Taxon Index values, indicating ideal data sets to examine prediction from PICRUSt (Table 2) . Interestingly, PCA plot assembled with gene family reinforced the clustering of samples collected in each distillery (Fig. 7A) . It was possible to predict 29 gene families, whereas 20 of them showed statistically significant differences (test-t P < 0.05). Important gene families related to microbial metabolism in sugarcane ethanolic fermentation, as carbohydrate metabolism and membrane transport, were well represented, also included in those families that show statistically significant differences (Fig. 7B) .
DISCUSSION
Bacterial contamination is often regarded as a major drawback during industrial ethanol fermentation (Basso et al. 2011) . Nonetheless, studies of this community are usually made through cultured-based assessment, which can often underestimate the community composition. In fact, culturedindependent assessment of contaminant bacterial community reported several bacterial genera that have never been reported in sugarcane fermentation tanks, and they belong to phyla Actinobacteria, Aquificae, Bacteroidetes, Cyanobacteria/Chloroplast, Deinococcus-Thermus, Firmicutes and Proteobacteria showing that the diversity in this environment can be higher than described (Rosales 1989; Gallo 1990 , Lucena et al. 2010 , Rich et al. 2015 . Costa et al. (2015) ; accessing by unculturedbased methodology, the bacterial diversity of various stages of a sugarcane distillery also reported phyla Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria as most abundant in the process, but this work did not consider any fermentation tank.
Regarding bacterial abundance, our results showed that bacterial abundance are around 10 5 gene copies/mL in the fermentation tanks in both distilleries. Even though bacterial contamination may cause losses in ethanol production, the fermentation process can operate satisfactory with a low level of contaminant. Skinner and Leathers (2004) showed that with bacterial population around 10 6 CFU/mL, or even higher, the process may not be significantly affected. This is an interesting result since continuous system was reported in the literature as more susceptible to bacterial contamination, when compared to fedbatch process (Godoy et al. 2008) . Our work suggests that, when well managed, both the processes can operate with low contaminating bacterial abundance.
The most abundant genera reported in all works that studied sugarcane fermentation tank is Lactobacillus and, particularly in our work, 92%-99% of the sequences affiliated to this genus in both distilleries. It was considerably more abundant when compared to other studies that investigated similar conditions, they reported 45%-60% of this genus (Rosales 1989; Gallo 1990 ). In related studies, Costa et al. (2015) reported 62.2% of Lactobacillus when accessing wine diversity of a sugarcane distillery. Corn dry grind facilities can also be affected by bacterial contaminant, in a percentage higher than reported in sugarcane distilleries. Skinner and Leathers (2004) reported 69%-87% of Lactobacillus sp. in a corn batch dry grind facility, while Rich et al. (2015) reported 92% of isolates belonging to Lactobacillus sp. in the same kind of facility. Our work suggests that the importance of this genus for sugarcane ethanolic fermentation may be higher than the one previously reported.
Despite the abundance similarity, differences between CPD and FBD were reported in OTU-based alfa-and beta-diversity analysis. CPD showed higher richness values when compared with FBD, and alpha-diversity showed correlation between . Beta-diversity and differentially represented OTUs analysis using QIIME from fermentation tanks in the fed-batch distillery (FBD) and continuous process distillery (CPD). Principal coordinates analysis tridimensional distance considering weighted-UniFrac (A) and differentially represented OTUs genera (B).
fermentation tanks in CPD but did not in FBD. This result may be expected because in CPD the fermentation tanks are connected with each other. Main difference was noticeable through beta-diversity that separated bacterial community from CPD and FBD. Taxonomical analysis reported Lactobacillus as the most abundant genus in all distilleries, but OTU considers sequences that share at least 97% of similarity, thus being able to report differences between the distilleries. Several OTUs that belong to genera Lactobacillus were differentially represented in the distilleries, wherein CPD presented more of these OTUs. Lucena et al. (2010) sampled four distilleries in Northeast of Brazil and reported differences Figure 7 . Metagenome prediction analysis using PICRUSt. Principal coordinates analysis bidimensional distance matrix between continuous process distillery (CPD) (gray) and fed-batch distillery (FBD) (black) (A) and gene classes that were statistically different between CPD (gray) and FBD (black) (B), considering P value < 0.05. between bacterial communities' composition. Lactobacillus can affect yeast fermentation due to the accumulation of both lactic and acetic acids and through competition for nutrient (Narendranath et al. 1997; Narendranath 2003) provoking loss of ethanol yield (Basso et al. 2014) , yeast flocculation (Carvalho-Neto et al. 2015) and decrease in yeast viability (Thomas, Hynes and Ingledew 2001) .
Through cultured-independent assessment, our work showed other genera that differed significantly between distilleries as Weissella and Pediococcus, which was more abundant in FBD, and Acetobacter and Anaeosporobacter were more abundant in CPD. Genera Weissella, Pediococcus and Acetobacter were already reported in this environment (Rosales 1989; Gallo 1990 ), but Anaerosporobacter was not.
Although these bacteria are often reported as contaminant of industrial fermentation involving Saccharomyces cerevisiae, little is known about their actual influence on yeast metabolism. Weissella and Pediococcus are genera of the Lactobacillales family, which as Lactobacillus are also known as lactic acid bacteria; in this way, they may affect yeast fermentation in a similar way that Lactobacillus does. Acetobacter belongs to acetic acid bacteria, and the production of this acid combined with low pH, reduced yeast ethanol production (Graves et al. 2006) . Finally, although Anaerosporobacter was never reported in this environment, this genus belongs to the same order of Clostridium, the Clostridiales. Actually, Anaerosporobacter is a newly described genus (Jeong et al. 2007) , and there is little information about its physiology in the literature and for our information, this is the first report of this genus in such environment.
Furthermore, PICRUSt metagenomics prediction also reported the difference found in beta-diversity analysis, that is, gene family analysis separated CPD and FBD, and some of them were closely related to fermentation process in Lactobacillus. If there are differences at the metabolic level, the control that is usually made with expensive broad-spectrum antibiotic with high antimicrobial activity-that represents high costs for the fermentation process, and also could lead to bacterial resistance (Muthaiyan, Limayem and Ricke 2010)-should be changed to an approach that is more specific and may be cheaper.
Finally, this clusterization within distilleries indicates the persistence of the bacterial community through harvest season.
This assumption was first made by Skinner and Leathers (2004) when studying wet mill and dry grind corn facilities through a period of 1 year. They reported that individual production facilities appeared to have distinct bacterial community and that this was due to persistent endemic infections. The persistence of bacteria through time may be related with their capacity of formatting biofilm. Rich et al. (2015) isolated bacteria from a corn dry grind facility and found that 7% of 768 isolates showed capacity of produce biofilm. This indicates that distilleries should pay more attention to equipment cleaning and decontamination.
Despite of the fermentation process per se, it is known that bacterial community can be influenced by other factors. Sugarcane can have different microbiota depending on the place where it was cultivated (Mendes et al. 2007; Magnani et al. 2010) , climate is also another factor that was related with the amendment of microflora of plants and soil (Bossio et al. 1998; Chazarenc, Brisson and Merlin 2010) . Besides that, equipment maintenance and cleaning can be crucial to the appearance or reinfestation of the contaminants (Amorim et al. 2011) . This being said, others works should better explore how each of these variables may affect bacterial contamination.
When accessing contaminating bacterial community in sugarcane fermentation process through cultured-independent techniques, we could see that Lactobacillus genus may be even more important to this environment than ever thought, that each distillery appeared to have a distinct microbiome, considering both OTU and predictive gene families, and that these communities seemed to persist over time. These results suggest that distilleries may invest in methods that control Lactobacillus rather than any other bacteria and take care of tanks cleaning to prevent bacterial reinfestation. 
